I. INTRODUCTION
Intense research activities have been focused on the halfmetallic double perovskite Sr 2 FeMoO 6 ͑SFMO͒ in recent years, because the high value of spin polarization and the high Curie temperature of 420 K in this compound make it an ideal candidate for both technological applications and scientific investigation. Although a large magnetoresistance ͑MR͒ effect up to 10% at room temperature was found in the polycrystalline of this material, 1,2 there is nearly no low field MR ͑LFMR͒ values in single crystal and single crystalline thin films because the large LFMR of SFMO polycrystalline sample is due to the spin-dependent electron transfer across the grain boundaries. 3,4 So a large LFMR can be obtained by modulating the grain boundary in SFMO.
Various attempts have been made to enhance the LFMR of SFMO by modifying the grain boundaries, such as reducing the grain size, 5 using the grain boundary of a bicrystal, 4 and introducing the second phase of SrMoO 4 at the grain boundaries. 6, 7 Gupta et al. reported on enhanced MR in La 0.7 Sr 0.3 MnO 3 -glass composites, which was attributed to the presence of a glass layer at the grain boundaries in the composites. 8 Similar results have also been observed in other systems of ferromagnet-insulator composites, such as La 0.7 Sr 0.3 MnO 3 -Al 2 O 3 , 9 La 2/3 Sr 1/3 Mn 3 O 3 -CeO 2 , 10 La 0.67 Ca 0.33 MnO 3 -SrTiO 3 , 11 and La 1−x Ca x MnO 3 -ZrO 2 . 12 However, there are few reports about SFMO using this strategy to enhance the LFMR.
In this paper, we present the magnetotransport properties of SFMO-glass composites. The ͑Pb-Si-B͒ glass with lower soft temperature can be dispersed easily into the grain boundaries at high temperature and become a good insulating layer that can improve the spin-dependent electron tunneling. The LFMR value of SFMO-glass composites can be enhanced after the glass addition and it increases with increasing content of glass.
II. EXPERIMENT
The SFMO-glass composite samples were prepared by the following procedure. First, pure SFMO bulk samples were synthesized by a conventional solid-state reaction. 13 Second, the samples were ground in a pure Ar ͑3 bars͒ for 1 h and then mixed with appropriate proportion ͑up to 50 wt %͒ of Pb-Si-B glass, whose soft temperature is about 400°C, in pure Ar ͑3 bar͒ for 1 h. Finally, the mixed powders were compacted into thin pellets under 450 MPa pressure and then annealed at 430°C for 20 min in 36% H 2 /N 2 .
X-ray diffraction ͑XRD͒ powder patterns were collected using the Bede D 1 XRD spectrometer with Ni-filtered Cu K␣ radiation. The surface morphology of the samples was obtained using a HITACHI S-4700 field emission scanning electron microscope. The resistivity measurement by standard dc four-probe method was carried out using a physical properties measurement system ͑PPMS͒ of Quantum Design. Figure 1 shows the XRD patterns of the glass added sample ͑20 wt % ͒ and the pure SFMO sample annealed at a͒ Author to whom correspondence should be addressed; electronic mail: suiyu@hit.edu.cn 430°C in 36% H 2 /N 2 . It is obvious that both samples are of a single double perovskite structure, 13 except for a broad peak of glass in the XRD pattern of the glass added sample. There are no any extra peaks arising from the crystallization of the glass after annealing. These data suggest that the structure of the SFMO grains does not change in the glass added composites. Scanning electron micrographs show that the SFMO grains are randomly distributed and the glass is most likely located at the grain boundaries.
III. RESULTS AND DISCUSSION
The temperature dependence of the resistivity ͑͒ at zero fields for pure SFMO and 10 wt % glass added samples are displayed in the inset of Fig. 2 . The of pure SFMO is much lower than that of typical polycrystalline ceramic samples 1 and shows a metallic behavior from 300 to the 60 K, which is similar to that reported in single crystal SFMO. 3 The metallic behavior indicates that the carrier resistance at the grain boundaries is weakened because much of the original interganular barriers in polycrystalline SFMO have been removed by annealing in high H 2 atmosphere. The resistivity of polycrystalline SFMO increases drastically after adding glass and exhibits a semiconducting behavior in the whole temperature range, showing that adding glass has a strong influence on the electrical transport in polycrystal SFMO. From Fig. 2 , of composites at room temperature increases drastically with increasing glass content. It indicates that a glass layer is most likely formed at the SFMO grain boundaries, which is consistent with the results of XRD and scanning electron microscopy ͑SEM͒ of SFMO-glass composites.
At low temperatures, the intergranular tunneling conductance as a function of temperature was given as: [14] [15] [16] [17] 
where P is the spin polarization, and ⌬ is proportional to the Coulomb charging energy E C and the barrier thickness. The value of ⌬ is determined from the slope of the linear part of ln G vs T −1/2 at low temperature. Figure 3 shows the ln G vs T −1/2 curves for different samples. Here, the conductance G is normalized to the value at 5 K. It is clear that ln G is linear to T −1/2 at low temperatures, which means that the intergranular spindependent tunneling dominates the conductance of SFMOglass composites at low temperature. The value of ⌬ is only 0.005 K for annealed SFMO, but it increases notably with increasing glass content, as shown in the inset of Fig. 3 . This also demonstrates that the added glass is most likely located at the grain boundaries, which increases the thickness of the barrier for intergranular tunneling. Figure 4 shows the MR of SFMO-glass samples as a function of magnetic field at 10 K. Here, MR is defined as MR͑%͒ = ͓ H − max ͔ / H , where H and max are the resistivity of the sample at external field H and the highest resistivity value, respectively. It is well known that the large low field MR of polycrystalline SFMO originates from the spindependent tunneling at the grain boundaries. 1, 13 The bulk SFMO annealed in high H 2 atmosphere exhibits a very weak MR similar to what was observed in single crystal SFMO. 3 This small MR in annealed SFMO is surely due to the weakening of tunneling barrier at the grain boundaries by the annealing. On the other hand, the LFMR was remarkably enhanced after the glass addition, and the value of MR increases with increasing glass content, as shown in Fig. 4 . As discussed earlier, the added glass is located at the grain boundaries and can improve the insulating barrier for the spin-dependent tunneling. This enhancement of MR is also found in some manganite-insulator systems. [9] [10] [11] [12] The MR in Sr 2 FeMoO 6 -glass composites at 10 K shows obvious butterfly-shaped field dependence. The coercive field that was defined as the magnetic field corresponding to max increases first from near zero to around 600 Oe by adding glass ͑30 wt % ͒, and then decreases gradually with increasing glass content because the glass layer locating at grain boundaries would weaken the magnetic interaction among the ferromagnetic grains in SFMO-glass composite, and so these grains could reorient more easily at external field.
Although the half-metallic nature of SFMO had been predicted by band calculation, there is little data about the spin polarization ͑P͒ of SFMO reported so far. Inoue and Maekawa pointed out that the intergranular tunneling MR in a random granular system was given by 15 MR = 100% ϫ ͓͑0͒ − ͑H͔͒ / ͑0͒ = P 2 / ͑1+ P 2 ͒. The spin polarization P of SFMO can be estimated from the MR data at 10 K and 5 T according to above equation. The value of P for SFMO-glass composite reached 80% at 50 wt % of glass added sample, which is close to that reported by Serrate et al. in Ba 1.6 Sr 0.4 FeMoO 6 under high field up to 50 T. 18 Our data suggest that the spin polarization of SFMO at low temperature is at least 80%, and these provide evidence for high polarization of SFMO.
IV. CONCLUSIONS
Adding glass in polycrystalline SFMO does not change its crystal structure but has a strong influence on the magnetotransport properties. The added insulating glass is most likely located at the grain boundaries of SFMO and improves the barrier for spin-dependent intergranular tunneling. As a result, the LFMR of SFMO-glass composite is greatly enhanced by the addition of glass. Adding nonmagnetic glass is an effective method for enhancing the LFMR of half-metallic materials. The large MR observed in our sample allowed us to determine a lowest limit on the spin polarization of SFMO at low temperature, which is about 80% at 10 K.
